Biochemistry2005,44, 321-328 321

Is the Prion Domain of Soluble Ure2p Unstructured?

Michael M. Piercée, Ulrich Baxai 8 Alasdair C. Stevef,Ad Bax” and Reed B. Wickner*

Laboratory of Biochemistry and Genetics, National Institute of Diabetes and Digestid Kidney Diseases, Laboratory of
Structural Biology, National Institute of Arthritis and Musculoskeletal and Skin Diseases, and Laboratory of Chemical Physics,
National Institute of Diabetes and Digesti and Kidney Diseases, National Institutes of Health,
Bethesda, Maryland 20892-0830

Receied September 21, 2004; Rged Manuscript Receéd October 24, 2004

ABSTRACT. The [URES3] prion is a self-propagating amyloid form of the Ure2 proteiSatcharomyces
cerevisiae Deletions in the C-terminal nitrogen regulation domain of Ure2p increase the frequency with
which the N-terminal prion domain polymerizes into the prion form, suggesting that the C-terminus
stabilizes the prion domain or that the structured C-terminal region sterically impairs amyloid formation.
We find by in vivo two-hybrid analysis no evidence of interaction of prion domain and C-terminal domain.
Furthermore, surface plasmon resonance spectrometry shows no evidence of interaction of prion domain
and C-terminal domain, and cleavage at a specific site between the domains frees the two fragments. Our
NMR analysis indicates that most residues of the prion domain are in fact disordered in the soluble form
of Ure2p. Deleting the tether holding the C-terminal structured region to the amyloid core does not impair
prion formation, arguing against steric impairment of amyloid formation. These results suggest that the
N-terminal prion domain is unstructured in the soluble protein and does not have a specific interaction
with the C-terminus.

The nonchromosomal genes [URE3] and [PSI]Szfc- activation activity of the C-terminal domain aloné9j,
charomyces cetésiae are infectious proteins (prions) of  apparently by recruiting GIn3j20). Nonetheless, the results
Ure2p and Sup35p, respectiveli)( Similarly, the [Het-s] showed an interaction of Ure2@>2 with Ure2p52-354 (19).
nonchromosomal gene is a prion of the HET-s protein of This result is consistent with interaction of the prion domain
the filamentous funguBodospora ansering?). Each of these  (Ure2p8%) with the C-terminal fragment (Ure2p 354, but
systems is based on the formation of a self-propagating might be an interaction of two parts of the C-terminal
amyloid form of the respective protei3<9, reviewed in domain.
ref 10). In each protein, a limited part of the molecule The Ure2p prion domain has been shown to be relatively
comprises a domain that is necessary and sufficient for theprotease-sensitive in the soluble forib(21), and dena-
prion properties of the moleculdd1—14). In the case of  turation studies showed no stabilization of the molecule
Ure2p and the HET-s protein, the prion domain roughly attributable to the prion domai2{—23). These results are

corresponds to the amyloid core of the moleculé, (15). inconsistent with a strong structure of this part of the
The maximal Ure2p prion domain comprises residue89, molecule but do not imply the absence of structure.
but residues 65 are sufficient for high-efficiency prion Ure2p homologues from a number of yeasts and fungi have

induction in vivo (L2) and transmission of [URE3] without  highly conserved C-terminal domains and could carry out
the C-terminal domainl) and constitute the amyloid core the nitrogen regulation function of Ure2p & cereisiae
that is resistant to high levels of proteinase ¥5)( (24). The N-terminal domains were not as highly conserved,
For Ure2p and Sup35p, deletion of regions outside the though most were rich in asparagine and glutamine residues.
prion domain results in marked elevation of the prion- Within the N-terminal domain was a region, approximately
inducing activity of the prion domain itself1g, 17). residues 1639, that was quite well conserved amo8g
Deletions or mutations outside the HET-s protein prion cerevisiae, Ashbya gossypii, Candida kefyr, Candida gla-
domain have likewise been shown to dramatically affect brata, and Candida lactis(24). It was suggested that this
prion generation in vivo and amyloid formation in vitrb4; conserved region might interact with the C-terminal domain,
18). This has led to the suggestion that the prion domain particularly since overexpression of this region inhibited the
interacts with the remainder of the molecule and that this nitrogen regulation function of Ure2p in a [ure-o0] strad.
interaction stabilizes the prion domain and prevents its With several lines of evidence suggesting interaction of
conversion to the prion forml@, 14, 17). An earlier two- the Ure2p N-terminal prion domain and its C-terminal
hybrid analysis of parts of Ure2p was complicated by functional nitrogen regulation domain, we undertook several

direct approaches to examine this issue. In each case, we
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nitrogen regulation domainURE2 81—354), or the full-
length open reading framé&JRE2 1—-354) were cloned as
in frame fusions to either the Gal4p activation domain or
Galdp binding domain vectors pGADT7 and pGBKT7
(Clontech). Activation and binding domain fusions were
constructed by PCR amplification ®IRE2 1-80, URE2
81—-354, andURE2 1—354 with primers +80Ecq_f (5'-
tacgtagaattccatgatgaataacaacggcagect380Bam_r (5'-
acctggggatcctcaggtattcttgatattattctcgttac-&8l—354Ecq_f
(5'-tactgagaattccttagaacaacatcgacaacypardl 81-354Bam-

R (5-accttgggatcctcattcaccacgcaatgcctigeising plasmid
pMP45 (2 um HIS3 Papri URE2 as template. Primers
1-80Ecq_f and 1-80Bam-r were used to amplifyRE2
1-80. Oligonucleotides 81354Ecq_f and 81-354Bam-r
were used to amplifyURE2 81—354. Oligonucleotides
1-80Ecq_f and 81-354Bam_r were used to amplify the
full-length URE2constructURE21—354.EcaRl andBanH]|

Pierce et al.

Pure2) generating p1038. Next, 58y of p1038 was digested
with Nhd and Xba and the 3.4 kb insert containing the
URE2promoter andJRE2A71—-95 open reading frame was
gel-purified. Ten micrograms of the gel purifiéthd/Xba
fragment was transformed into strain YMTMATo ura2
leu2 ure2:G418 PoasCANJ). Integrants were selected on
SC-Arg+ canavanine (6@ag/mL) and tested for sensitivity
to the antibiotic G418. The integration ORE2A71-95was
confirmed by colony PCR analysis using primer pairs to
determine both the presence of tiRE2A71—95 construct
and the absence of the G418 selectable marker present in
the parent strain YMT1.

Protein Expression and PurificationExpression and
purification of Ure2p-65FX was performed as previously
described 15). Protein was purified in one step on a nickel-
NTA Superflow column (Qiagen). Following elution from
the column, the protein was immediately frozen in liquid

restriction sites, underlined in the above primer sequences jtrogen and stored at80 °C.

were added to theURE2 constructs during the PCR
amplification reactions. The PCR constructs were cut with
EcoRrl and BanHl and ligated into EcoRI/BanmH| cut
pGADT7 or pGBKT7 to generate the Gal4fRE2plasmids.

Expression of Ure2p or fragments thereoEacherichia
coli for NMR? studies was from pKT41-16), pKT51 (His6-
DDDDK-Ure2f63% gift of Kimberly Taylor), and pUB9,
the latter constructed by amplification of the required region
of the URE2 gene using polymerase chain reaction with
primers 5-tatactcgagtcattcaccacgcaatgc@dd 3-attacatat-
gcatcaccatcaccatcacagtcacgtggagtattcti PCR product
was cloned into pET17b using tiNgld and Xhad restriction
sites.

The construction of full-length Ure2p containing a factor
Xa proteolytic site was performed as follows. FirgiRE2
was cloned into the pFLAG (KodalB. coli expression vector
by cutting pMP20 (CEN LEU2 gyURE2 with Notl and
Xhd and ligating the insert intdlotl/ Xhd digested pKT 55
(15 generating plasmid pMP56. The AGA codons at

Expression of*N-labeled proteins was from the following
vectors: Ure2p from pKT41-1, Ure®p35 from pKT51,
Ure2(#>-3%4from pUB9.E. coliBL21(DE3) transformed with
the respective plasmid was grown at 37 in M9-medium
supplemented with®NH4CI and 50ug/mL ampicillin to an
OD ~ 1, and then IPTG to 1 mM was added. The cells were
incubated for anothet h and then harvested by centrifuga-
tion, taken up in 50 mM NaPf 300 mM NaCl, pH 8.0
(buffer A), and lysed by high pressure. Extracts were then
cleared by high-speed centrifugation at 40 @@8r 1 h, and
supernatants were loaded onto a NiNTA column, washed
with 10 column volumes of 20 mM imidazole in buffer A,
and eluted in one peak with 250 mM imidazole in buffer A.
Exact sequences for the three constructs are as follows:
KT41-1, MHHHHHHMYPRGN-Ure2pt-354; KT51, MH-
HHHHHDDDDK —Ure2p66-354; UB9, MHHHHHH-
Ure2p95-354.

Purified proteins were concentrated in Centricon (Milli-

positions 253 and 254 were changed to CGT using the Pore) and dialyzed against the NMR buffer (20 mM NaPO
QuikChange site-directed mutagenesis kit (Stratagene) with100 MM NaCl, pH 7.0) overnight. Any aggregated protein

primers KT044 (5cggatgaggttcgtcgtgtttacggtgtad-and
KT045 (5-ctacaccgtaaacacgacgaacctcatcggenerating
plasmid pMP62. The AGA to CGT mutations have previ-
ously been shown to improve expression of Ure2g.ircoli
(243). An insertion of two amino acid residues (IE) following

was removed by centrifugation, and 5% (v/i\vy@was added
before measurement to have a frequency lock signal for the
NMR instrument.

For surface plasmon resonance, ddie 2135 was puri-
fied using pKT50 (gift from Kimberly Taylor) as previously

amino acid 63 was constructed using the QuikChange described 15) by nickel-NTA chromatography and im-

mutagenesis kit and primers UREB5FXf (5-caaaacaataa-
cagcatcgaaggccgcaatggtage-8nd URE2_65FXr (5-gc-
taccattgcggccttcgatgctgttattgttttd)-gielding plasmid pMP77.
This plasmid encodes a Hitagged Ure2p (Ure2p65FX) with
a factor Xa proteolytic site (IEGR), which is cleaved by the
factor Xa protease following Arg65.

URE2A71-95, lacking the tether region, was constructed
by PCR amplification from &JRE2plasmid template with

mediately frozen in liquid nitrogen and stored-a80 °C.
The prion domain was Ure2p*® with GIn89 changed to
cysteine to facilitate immobilization to the biosensor (gift
of Todd Cassese). Ure2§°Cys was purified under denatur-
ing conditions to prevent aggregation. Briefly, coli BL21

in 1 L of LB media containing 0.1 mg/mL ampicillin was
grown to ORso= 1 and induced by the addition of IPTG to
1 mM. The cultures were grown for an additibdeh before

oligos 143 (5-acaataacagcggccgcaatggtagccaaaatcacgtggaharvesting. Five grams of cells was suspended in 30 mL of

gtaggccaga-3 and 134 (5caaattcgggggccctatgtt)3diges-
tion with Apd and Notl, and insertion into p588 cut with
the same enzymes forming p1033. To integtdRE2A71—
95, URE2A71—-95 as aBanHI/Xba fragment from p1033
was ligated intoBanmHI/Xbd digested p1013GEN LEU2

1 Abbreviations: NMR, nuclear magnetic resonance; HSQC, het-

buffer A (0.1 M sodium phosphate, 0.01 M Tris, 6 M
guanidine hydrochloride, pH 8.0) and lysed by passing two
times through a French pressure cell. The cell lysate was
centrifuged at 12 000 rpm for 15 min to remove insoluble
material. Next, 3 mL of nickel-NTA resin (Qiagen) equili-
brated in buffer A was added to the supernatant and gently
mixed for 30 min at 25°C. The slurry was centrifuged for

eronuclear single quantum coherence; SPR, surface plasmon resonancd. min at 500 rpm and washed with 20 mL of buffer A, 20
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mL of buffer B (0.1 M sodium phosphate, 0.01 M Tris, 8 M
urea, pH 8.0), and 20 mL of buffer C (0.1 M sodium
phosphate, 0.01 M Trjs8 M urea, pH 6.3). Protein was
eluted in two fractions with 6 mL of buffer D (0.1 M sodium
phosphate, 0.01 M Trjs8 M urea, pH 5.9) and 6 mL of
buffer E (0.1 M sodium phosphate, 0.01 M Tr&M urea,

pH 4.5). The majority of UreZp®Cys was present in the
second fraction. Purified Ure2p°Cys was dialyzed over-
night in water. Following this step, most of the protein
consisted of an insoluble aggregate. The insoluble material
was recovered, washed two times with water, and dried in a
speed-vac centrifuge. For the SPR experiments, UréZys

was initially solubilized m 8 M GdnHCI. Prior to im-
mobilization to the biosensor, the GdnHCI was adjusted to
6 M.

Surface Plasmon Resonance Biosend#igsensor experi-
ments were conducted with a Biacore X instrument (Biacore,
Piscataway, NJ). As a sensor surface, C1 chips (Biacore,
Piscataway, NJ) were used, which have a carboxylated
surface but not the usual flexible Dextran immobilization
matrix. Immobilization followed standard protocols for
covalent thioester couplin@$, 26). In brief, after cleaning
the chip surface by rinsing with low- and high-pH buffers,
the carboxyl groups were activated for 7 min with a mixture
of N-ethyl-N'-(3-dimethylaminopropyl)-carbodiimide hydro-
chloride andN-hydroxy-succinimide; ethylenediamine was
attached by 10 min exposuré M concentration, pH 6.0,
followed by a 20 min incubation with sulfosuccinimidyl-4-
(N-maleimidomethyl)cyclohexane-1-carboxylate (Pierce, Rock-
ford, IL) dissolved in PBS at 2 mg/mL. The prion domain
of Ure2 (residues-189) expressed with a C-terminal cysteine
was cross-linked to the surface under denaturing conditions
at 1 mg/mL h 6 M guanidine HCI, pH 8.5, leading to a

signal increase of 800 response units (RU). The surface was
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Similarly, spectra recorded for Ure®p®* (0.49 mM) and
Ure2@53%4(0.021 mM) resulted from 16 (Ure2p 354 and

64 (Ure285 3% transients pet; increment for total measur-
ing times of 1.1 (Ure2§¥3%%) and 4.3 h (Ure2{5 3%. NMR
spectra were recorded as data matrices of 350024
complex data points and apodized with squaret gofted
sine bell windows prior to zero filling and Fourier transfor-
mation to yield a final digital resolution of 4.6°\) and 4.2

Hz (*H). All spectra were processed and analyzed with the
NMRPipe software systen28). The very limited solubility
and sample stability prohibited sequential backbone assign-
ment of the protein by standard 3D triple resonance NMR.

Yeast Two-Hybrid Assay&al4p activation domain (AD)
URE2fusion and Gal4p binding domain (BBJURE2fusion
constructs were cotransformed into strain AH109 (Clonetech)
and selected for growth on synthetic complete medium
lacking leucine and tryptophan (SC-Leu-Trp). Cotransfor-
mations were then serially diluted or streaked to single
colonies on SC-Leu-Trp-His or SC-Leu-Trp-His-Ade media
to test whether the variouRE2 constructs interact and
activate the expression of the Gal4p-regulated reporter
constructs ADE2 and HIS3). The vectors pGADT7-T and
pGBKT7-53 (Clontech) encode Gal4p activation and binding
domain fusions of SV40 large T-antigen and p53, respec-
tively. An interaction between these proteins has previously
been described and is used as a positive control in the two-
hybrid assay for activation of thellIS3 ADE2 andlacZ
reporter genes4d) As a negative control, the vector
pGBKT7-lam (Clontech) encoding the human lamin C
protein fused to the Gal4p binding domain was cotransformed
with pGADT7-T. These proteins do not interact in the two-
hybrid assay.

Activation of thelacZ reporter construct was tested by

deactivated for 2 min with 0.1 M NaOH and rinsed with the measuringﬁ_galaCtOSidase aCtiVity in extracts of AH109

running buffer for the binding experiments, 10 mM HEPES,
pH 7.4, 150 mM NacCl, 3 mM EDTA, and 0.005% Tween
20. The surface in a second flow cell was treated identically
but without exposure to Ure2 to serve as a chemically similar
reference to approximate the signals from nonspecific binding
and buffer refractive index. After binding experiments, the
surface was regenerated it M guanidine HCI. The
biosensor experiments were conducted at a temperature o
25 and 13°C.

NMR MeasuremenHSQC (heteronuclear single quantum
coherence) NMR spectra were recorded with the standard
gradient- and sensitivity-enhanced pulse sequebe All

cotransformants. In strain AH109, thecZ reporter is under
the control of the weak promoter &fEL1, the endogenous
o-galactosidase db. cereisiae To detectacZ activity, we
used the more sensitive substrate chlorophenoljred-
galactopyranoside (CPRG) rather thamitrophenols-p-
galactopyranoside (ONPG). Briefly, cotransformants were
grown in liquid SC-Leu-Trp to OR),0.5-0.8. Cultures were
gentrifuged for 30 s in a microcentrifuge and resuspended
in buffer 1 (100 mM HEPES, 150 mM NaCl, 2 mM
L-aspartate hemi-Mg salt, 10 mg/mL bovine serum albumin,
0.0005% Tween 20, pH 7.3). Cell extracts (0.1 mL) were
prepared by freezing cultures in liquid nitrogen for 1 min

spectra result from addition of two sequentially recorded data followed by thawing for 1 min in a 37C water bath. Three
sets, where comparison between the individual data sets wadr€&z€/thaw cycles were performed to ensure complete cell

used to monitor the potential loss of signal resulting from
any sample precipitation or fibrillization during the NMR

lysis. Enzyme assays were initiated by the addition of 0.7
mL of 2.2 mM CPRG in buffer 1. ThdacZ activity is

measurements. NMR measurements were carried out at 2dndicated by the hydrolysis of the substrate CPRG generating

(Ure2p) and 25°C (Ure2§5 354 Ure2@> 3% on a Bruker
DRX-600 NMR spectrometer operating at 14.1 T and
equipped with a cryogenically cooled triple resonance probe
head. The buffer for all proteins was 20 mM Naf Q00
mM NaCl, pH 7.0. Since NMR signals are linear with protein
concentration, it was possible, despite the differences in

a yellow to red color change. After sufficient color develop-
ment, enzyme assays were terminated by the addition of 0.5
mL of 3 M ZnCl, and the absorbance at 578 nm was
recordedp-Galactosidase activity is reported as Miller units
where units are 1008 ODszg per minute per OB of cells.

[URES3] Induction.Strains YHE711MATa ura2 leu2)and

concentration in the three measurements, to roughly scaleMP174 MATaura2 leu2 URE2::URE&71—95 Ppa sCANJ)

the spectra to each other (Figure 3). The NMR spectrum of
full-length Ure2p (0.023 mM) resulted from 224 transients
per complex; increment for a total measuring time of 15 h.

were transformed with plasmids overexpressing eithiRE2
(YEp351G-URE2) oJRE2A71-95 (YEp351GURE2A71-
95) under the control of the inducib®AL1 promoter. Ten
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transformants were mixed, resuspended in water, and plated -Leu -Trp -Leu -Trp -His -Leu -Trp -His -Ade
on SGal (2%), raffinose (1%);leucine dropout plates (SGal-
Leu). Plates were incubated at 30 for 3 days and dilutions

of 107, 1(F, 1, and 10 cells were plated onto synthetic
dextrose medium with ureidosuccinate (USA) (BFmL).
Plates were incubated at 3C and USA colonies were
counted after 5 days.

Proteolytic Digests.Control experiments indicated that
Ure2p65FX is completely digested into fragments consisting
of residues +65 and 66-354 following incubation at room
temperature with 2 units of recombinant factor Xa (Novagen)
for 2 h. Digests were scaled up to 250 reactions
containing 50ug of Ure2p-65Fx ad 2 U of recombinant

factor Xa in buffer A (50 mM Tris, 100 mM NaCl, 5 mM i R A B S R T Ic:ﬂ: i 9;_”

CaCl, pH 8.0). Identical reactions that did not contain the et
protease were included as controls. Afee2 hincubation Y DT antgen BD-amin C 03
at room temperature, the protease was removed from the 1 [ Teeen g =
digestion by adding 25@L of Xarrest agarose (Novagen) 2. AD-URE2 1-80 BD-URE2 1-80 05
.t . - . 3. AD-UREZ2 81-354 BD-UREZ2 1-80 0.3
equilibrated in buffer A. The digestslurry mix was added 4 ADURE21-354 BD-UREZ 1-80 03
to a 2 mLspin column and incubated at room temperature <l =i et o1
for 5 min. The reactions were centrifuged at 1§d0r 5 sl T ek =
min to remove the cleaved protein from the captured 9. AD-URE2 81-354 BD 03
10. AD-UREZ2 1-354 BD 0.2

protease. Following the removal of the protease, aliquots of E 1‘ Two-hybrid analysis of prion domain and C-terminal
H ; _ AL IGURE 1. WO-nyori ySI | | - |
the digestion were analyzed by SDS- and native-PAGE. domain of Ure2p. Plasmids with the indicated fusions to the Gal4p

RESULTS binding domain (BD, pGADT7) and activating domain (AD,

. . . . . pGBKT7) were tested for activation of Gal promoters in strain
Two-Hybrid AnalysisTo test for possible interaction of  Ap109 by growth of serial 10-fold dilutions (bottom to top) of

the Ure2p prion domain and nitrogen regulatory domain, we cells on the indicated media. Interactions are also assayed as
first used the yeast two-hybrid system. One protein fragment 3-galactosidase (below). The interaction between the SV40 large
is fused to the activation domain of the Gal4p transcription T-antigen and murine pS3 has previously been reporei gnd

; ; _ is used as a positive control for the activation of reporter gene
factor, while the other fragment is fused to the Gal4p DNA expression. The absence of reporter gene activation between the

binding domain. Activation ofGAL promoters is only  poninteracting proteins human lamin C and SV40 large T-antigen
observed if the two protein fragments interact, bringing is used as a negative control.

together the parts of Gal4g9). As previously reportedlQ),
linkage of the full-length Ure2 protein or the C-terminal -FactorXa ~_+ Factor Xa = 'F:':“’:Oxam ”2*—f°’°"nxam|
domain to the Gal4 binding domain produced activation even  2so e
with the activation vector alone (Figure 1), indicating that 4
the Ure2p C-terminal domain has activation activity.
With the prion domain (UreZp®0) fused to the Gal4 DNA 50
binding domain and the C-terminal domain (Ur&2g>*) or
the full-length Ure2p fused to the Gal4 activation domain,
no interaction was observed, either as growth on selective 3
media or ag-galactosidase activity above background levels — s= domain > - domain >
(Figure 1). -3 L
Proteolytic Nicking Experimentf the prion domain and :
nitrogen regulation domain interact, a nick between these SDS-PAGE Non-Denaturing
regions might leave the two regions attached. We engineeredricure 2: Proteolysis in the tether region frees the prion domain.
a site for the factor Xa protease by inserting amino acids Purified Ure2p with a factor X site between residues 65 and 66
isoleucine and glutamic acid after Ure2p residue 63 produc- Was digested with factor X. Denaturing and nondenaturing poly-
ing IEGR, which is cleaved after the arginine (residue 65 of 2¢'Ylamide gel electropherograms are shown.
normal Ure2p). Cleavage of the purified enzyme by protease
was complete, as judged by SDS polyacrylamide gel elec- vicinity of the surface, and this change is detected. It was
trophoresis (Figure 2). Native polyacrylamide gel electro- essential to fix the prion domain to the surface because it
phoresis showed that the fragments produced did nototherwise would readily form amyloid. Ure2° with a
comigrate, indicating that their mutual affinity was relatively C-terminal cysteine residue was constructed to enable the
low (Figure 2). specific thioester coupling to a flat carboxylated surface in
Surface Plasmon Resonanéesensitive method to detect the nonaggregated form. The steric constraints of the surface
interactions between two components, surface plasmonimmobilization in the absence of the customary flexible
resonance involves attaching one component to a surface andnatrix can be expected to prohibit aggregation. Exposure
passing a solution of the other component over this surface.of the surface-immobilized peptide with C-terminal fragments
Interaction of the dissolved component with the attached (81—354) at concentrations between 0.01 and 1 mg/mL
component changes the refractive index in the immediate generated signal offsets between 10 and 100 RU. However,
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FiGURE 3: NMR analysis of Ure2j3%4, Ure25-354 and Ure2p>3%4 15N—1H-HSQC spectra for the uniformi¢N-enriched proteins were

acquired at 600 MHZ2H frequency. The upper panels show the backbone amide area of the spectra, where a considerable-i0inber (

of sharp peaks can be seen for the full-length protein, but far fewer for the constructs missing the N-terminal prion domain. Peaks that
correspond to glycine residues are labeled with their tentative resonance assignments on the basis of their close priinsityftto

values predicted for “random coil” residues when accounting for nearest neighbor e3@cfEhe arrow in the full-length Ure2p spectrum

indicates the position of one weak glycine peak, just below the threshold level shown, and correspondtm®@ig N-terminal peptide

preceding Ure2p. The lower panels show the area of asparagine and glutamine side chains of the same spectra. Whereas the full-length
Ure2p shows a very strong signal for asparagine and glutamine side chains, the other constructs are markedly decreased.

the offsets were concentration-independent, indicating that(from 7.85 to 8.46 ppm), and are quite intense and sharp,
they result from nonspecific hydrophobic interactions with indicating that the corresponding amino acid residues are
the sensor surface that is imperfectly matched with the highly flexible.

reference surface (data not shown). As a positive control,
significant surface binding was observed with a polyclonal
antibody to Ure2p. To examine a possible temperature
dependence of the interaction by unfavorable entropic
contributions at 25C, the binding experiments were repeated
at 13°C, but this again resulted in no detectable concentra-
tion-dependent binding.

NMR. Full-length Ure2p, Ure§ 3% and Ure2f> 35

We find six peaks in the spectral region where glycine
residues normally resonate (chemical shift¥fit is around
110 ppm) in the full-length Ure2p (labeled in Figure 3). In
the expressed protein, there is one glycine in the N-terminal
tag, four glycine residues are found in Uré25 and one
(Gly67) in Ure2§6 %4 After correction of neighboring
residue effects, theit®™ chemical shifts fall very close to

were examined byH—N HSQC NMR (Figure 3). Under values predicted for glycine r_esidue_s in ran(_:lom coil regions
the conditions used, residues in unstructured parts of the(rm_Sd = 0.2 ppm) @0). a”OW'T‘g their t_entatlve resonance
molecule are subject to large-amplitude, rapid internal @SSignment. The peak tentatively assigned to-Glyn the
motions, which result in narrower, more intense resonance N-t€rminal tag (amino acids in the N-terminal tag are
peaks. Residues in structured parts of large molecules (Ure22SSigned negative values) is very weak and disappears
is a homodimer of~82 kDa) are much less mobile and completel_y upon saturatlc_)n_of the_solvent S|g_nal (data not
change their orientations relative to the magnetic field by a Shown), indicating that it is subject to rapid hydrogen
rate determined by the overall rotational diffusion of the €xchange. Rapid exchange is predicted for this residue due
homodimer. This results in rapid relaxation during the parts to base-catalyzed exchange induced by its preceding arginine
of the experiment that transfer magnetization frirto 5N residue 81), corroborating the chemical shift based assign-
and back. As a result, both the integrated and maximum ment. We find one glycine peak in the Uré2[7>* spectrum
intensities of the corresponding resonance peaks are vanishand no peak for Ure2p3*% The position of the glycine
ingly low and they are not detected above background. Theresonance remaining in the Uré2p>* spectrum coincides
observed peaks in the spectra (except the large peaks fowith that of Gly67 (NGS) in the full-length Ure2p spectrum,
the glutamine and asparagine side chains) are distributed inand its presence indicates that this region of the polypeptide
the “random coil region” for backbone amide hydrogen¥, H chain is highly flexible.
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There are some very sharp peak$®hitshifts around 125
ppm in all three spectra that are mostly of low integrated
intensity. Such largé®N shifts are commonly observed for
C-terminal residues, but only one common C-terminal residue

is expected for all three constructs and the observed peaks ., =717

are at different positions in each of the spectra, making this
interpretation less likely. We believe that these peaks
correspond to small amounts of proteolytic cleavage products.

For the Ure2p sample, the intensity of these resonances
increased between the two HSQC spectra recorded sequen-yp174

tially, also pointing toward proteolysis. Indeed the prion
domain of Ure2p is known to be highly sensitive to trace
amounts of proteasedf 21). The resonance peaks for
aspartic acid and glutamine side chait®l(shift ~112 ppm
and NH shifts of 7.0 and 7.7 ppm) extensively overlap one

another and therefore are very strong in Ure2p and weaker,

in Ure2$%-3%4and Ure2@>3%4 indicating that a large number
of asparagine and glutamine residues are flexible in full-
length Ure2p.

In total, we can count about 72 resolved backbone amide
peaks upfield of 125 ppm in full-length Ure2p. Clearly, as a
result of extensive overlap present in the spectrum, this is a
lower limit for the total number of flexible residues in the
protein. In an attempt to account for these buried peaks, we
integrated the total intensity in this region and normalized it
relative to the intensity of the resolved glycine residues.
Using this procedure yields 1@8 15 unstructured residues
for full-length Ure2p and 2H: 4 residues for Ure 2§35
Since only very few peaks are seen for Ur2§* the
unstructured residues must be located almost entirely in the
prion domain and tether regions of Ure2p (about 90 residues
in all) and in the tag peptides (13 residues for full-length
Ure2p and 12 residues for UreBp*>9).

The Tether.The data above suggest that there is no
interaction of the prion domain of Ure2p with the C-terminal
nitrogen regulation domain. How to explain the elevated
prion formation on deletion of segments of the C-terminal
domain? Conceivably, placement of the large C-terminal
domain around the central amyloid core interferes physically
with the assembly of filaments by the prion domain. This
model would predict that deleting the part of Ure2p between
the amyloid core (residues—b5) and the structured C-
terminal domain (residues 9%54) should adversely affect
prion formation or propagation.

We therefore deleted Ure2p residues-B5, a part of the
protein that is part of neither the GST-like structure of the
C-terminal nitrogen regulation domain nor the extremely
protease-resistani-sheet-rich amyloid core but connects
these two domains in the prion forrdRE2A71-95 was
both integrated at the norm&lRE2 locus from theURE2
promoter and expressed on a plasmid from tBAL1
promoter (Table 1). Ure2p71—95 was fully capable of
being a prion and showed, if anything, increased ability to
induce the prion form of Ure2p or UreA71-95 (Table
1).

DISCUSSION

In all of the prion proteins studied to date, a restricted
region forms the core of the amyloid structure and is
necessary for the prion properties of the molecule, but
mutations affecting prion generation are distributed through

Pierce et al.

Table 1: Effect of Deleting the Tether Region (795) on [URES3]
Generatioh

strain plasmid USA colonies/10cells
YHE711 YEp351G 41
YEp351G-URE2 5300
YHE711 YEp351G-UREA71—-95a 5600
YHE711 YEp351G-URE271-95b 3200
MP174 YEp351G 61
YEp351G-URE2 6 800
174 YEp351G-URER71-95a 19 000
YEp351G-URER71-95b 23 000

a Strain YHE711 MATa ura2 leu2 and strain MP174N|ATa ura2
leu2 URE2URE2A71-95 PpasCanl) were transformed with the
indicated plasmids and plated on SD-Leu dropout media gt 8ays.
For each transformation, 10 colonies were selected, mixed in water,
and spotted onto Sgal (2%), raffinose (1%)leucine media. Plates
were incubated at 30C, and dilutions were plated onto Sb USA.
USA" colonies were counted after 5 days at’80 Plasmids YEp351G-
URE2A71-95 a and b are two independent clones.

most of the molecule. For Ure2p, Sup35p, and HETS,
deletion of the nonamyloid part of the molecule dramatically
increases prion formation in vivo and amyloid formation in
vitro (5, 6, 12, 14, 17). De novo prion generation has not
yet been shown experimentally for the TSEs (but see ref
32) but is presumed to be the basis for the “spontaneous”
and inherited cases of Creutzfeldtakob disease (CJD). The
mutations producing inherited CJD are distributed throughout
the PrP molecule and are not restricted to the part that
acquiresf-sheet structure in PrP-res (reviewed in 83).
These results have been interpreted to mean that parts of
the molecule outside that forming the amyloid core interact
with and thereby prevent the prion domain from converting
to amyloid. However, previous studies have not determined
whether there is an interaction between N-terminus and
C-terminus of Ure2p (see introduction).

We have sought evidence of interaction of the N-terminal
prion domain and the C-terminal regulatory domain by a
variety of in vivo and in vitro methods. Our two-hybrid
results show no evidence of interaction between UYeé®p
and Ure2p*~3%4 Likewise, surface plasmon resonance data
indicates no interaction under the conditions used. Nicking
the prion domain results in the release of the fragment
N-terminal to the nick, again suggesting absence of interac-
tion.

Our NMR studies argue that the prion domain is largely
unstructured but do not rule out interaction of a few residues
with the C-terminus. Comparison of the spectra for the
different constructs clearly indicates that there are numerous
highly flexible amino acids in Ure2p that are largely reduced
in Ure2p% 3% and basically missing in Ure2p3%4 All
glycine residues in residues—985 appear to be flexible.
Counting individual peaks and estimating flexible residues
by integrating total intensity likewise support the conclusion
that most of this region is unstructured. However, it is
difficult to give an exact border between the flexible and
folded regions.

Our evidence that the Ure2p N-terminus is unstructured
recalls the native unstructured character of several other
amyloid-forming proteins, notablg-synuclein 84). More-
over, the amyloid core of the HETSs protein is, like that of
Ure2p, largely unstructured in its soluble formh4). The
protease-resistant core of the amyloid form, residues-218
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289, overlaps only partially with the structured part of the
soluble form, residues-1227. Although the structure of the
amyloid form of PrP (called PAPor PrP-res) is not clear, it
seems to form in large part by conversion of the unstructured
residues 96120 of PrP tq3-sheet form 83). Thus, it seems
that the driving force for most prions is a change from an
unstructured form to amyloid, rather than a change from helix

to sheet, as it is often portrayed. The structured part of what 7.

may become amyloid provides the energy barrier to prion
formation and propagation. 8

If the Ure2p prion domain does not interact with the
C-terminal functional domain, how are we to explain the
dramatic enhancement of prion formation on deleting parts
of the C-terminal domain? Packing of the C-terminal domain
around the amyloid core may restrict the formation of
filaments, explaining this effect. However, even modest
deletions of the C-terminus (eight amino acids), which have
negligible influence on the mass of the C-terminal appendage,
produce dramatic increases in prion formatid2)( More-
over, we find that deletion of the tether region, Ure2p
residues 7195, produces no decrease in prion formation.
If packing of C-termini were the factor restricting amyloid
formation, deletion of the tether would be expected to
enhance that effect.

Artificially connecting the two subunits to prevent mo-
nomerization of Ure2p is reported to prevent filament
formation @5). Although there is no correlation with the
location of the dimer interface, it is possible that the
mutations in the C-terminus that elevate prion formation do
so by destabilizing the dimer. Alternatively, the C-terminal
domain may bind to another protein that interacts with the
Ure2p prion domain. Ure2p is known to interact with GIn3p
in its nitrogen regulation activity36—38, reviewed in ref
39), retaining GIn3p in the cytoplasm when a good nitrogen
source is available but releasing it otherwise. However,
[URES] arises at the same frequency in cells grown on the

12

[y

good nitrogen source ammonia as on the poor nitrogen source 16-

proline. Chaperones play a prominent role in prion generation
and propagation4(, 41), including [URE3] @2, 43). It is

possible that mutations outside the Ure2p prion domain affect 17.

prion generation in part by altering the interactions of the
protein with chaperones. Studies are underway to test these
possibilities.

18.
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